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INTRODUCTION
The abihty to control the dynamics of nuclear spins has been of general interest to the NMR community since the early days of the field [ 1 ] . Numerous examples of improving quantum control in NMR are known within the community, such as enhanced radio frequency pulses that precisely implement a desired system evolution [2] . The aim of the work presented here is to study average Hamiltonian theory (AHT), developed by Waugh and Haeberlen [3] , as a viable perturbation scheme for controlling the complex spin dynamics for an ensemble of spin 1=1,3/2 and 5/2 nuclei of a sohd evolving under the first-order quadrupolar interaction for a simple two-pulse sequence.
A well known study that probed the validity of AHT was reported on by Maricq for spin I = 1/2 nuclei coupled via the dipolar interaction [4] . The investigation of the spin dynamics of nuclei with / > 1 poses a theoretical challenge because the dimension of the density matrix increases with I as (21 H-1) (21 H-1). In addition, the strength of the quadrupolar coupling for such spin systems is often the same order of magnitude as the perturbing RF Hamiltonian. Thus, implementing a desired evolution is challenging in both theory and practice. In this work, we focus on a simple two-pulse cycle and investigate the relative accuracy of first-order AHT compared to a numerical result obtained from the Liouville Von Neumann (VN) equation. While this simple cycle is useful for echo spectroscopy of quadrupolar spins, it also forms the basis of many homonuclear multiple-pulse decoupling schemes, such as WAHUHA and MREV-8, that allow for spectroscopic studies of solids [5] .
THEORY
Consider a sohd spin system of 1=1, 3/2 or 5/2 nuclei subject to a high magnetic field. The first order secular quadrupolar interaction is given by
where
In the above equations, COQ is the quadrupolar coupling constant, and P2{cos{9)) is the second order Legendre polynomial of cos(0). 9 and (p are two of the three Euler angles and rj is the asymmetry parameter. In the following, we analyze the evolution of our spin system evolving under the pulse sequence which consists of two 7r/2 pulses (x,y) separated by a delay T -a, where 2a is the 7r/2 pulse width. As mentioned in the introduction, this pulse sequence is a basic cycle familiar in multiple pulse NMR cycles. Our goal is to investigate the validity of AHT for systems spin 1=1, 3/2, and 5/2 as a function of COQ, T and a. Following the comparison of AHT to the Liouville-Von Neumann solution, we studied how cycling the phases of the receiver in a well defined way can suppress artifacts in the spectra, due to the evolution of the system under HQ during the pulse [6] [7] .
In the AHT approach, a time-dependent Hamiltonian of the system over one cycle is replaced by an equivalent time-independent average Hamiltonian. The time evolution of the system from time t = 0, p(0) to the state at time t = tc, p{tc) is then given by
where URF is given by the Dyson series and Ui"t is given by the Magnus expansion
with
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The propagator URF represents the interaction associated with the sequence of RF pulses applied over a time tc, and accounts for the rotations imparted to the system. The calculation of the Hamiltonian in the toggling frame is the same independent of the value of I, but the results are different in both dimension and magnitude. The calculation of /f ;"; for (x,y) cycle is giving by 
(12)
These results indicate that the only terms that remain are terms that are quadratic in a^. As a consequence, all the higher order terms are expected to vanish in the case that the pulse width approaches zero. For spin-3/2 and 5/2, we have taken a <C T, so that terms quadratic in a^ are neglected. This assumption makes physical sense since the pulse width is usually on the order of IjUS while the pulse spacing time is typically in the order of lOjUS to lOOjUS. Similarly, computing as previously the first order term of the Magnus expansion for quadrupolar echo cycle (x,y) reduces to the following expressions (15) In contrast to the results obtained for spin 7 = 1, the above results indicate a contributing factor that scales as T^. These terms arises from the non-zero commutator of delay terms times delay terms in the first-order term of the Magnus expansion. As a consequence of this result, even for delta function RF pulses, the first-order term and all higher order terms are non-zero. With the above results, we study the range of validity of AHT by comparing this perturbation approach to a numerical solution of the VN equation. The analysis is based on comparing the single and multiple quantum coherences in the density matrix at 3T for the solution obtained by AHT to that obtained by the VN equation. By using the pAffr(3T) and pyAr(3T), we compute the single quantum (SQ) and double quantum (DQ) coherences of the density matrix. The results indicate that the dynamics appear more complex for these higher spin systems for the range of T and COQ studied. Whereas AHT appears to predict the dynamics quite well for spin 7=1 over a large bandwidth, the perturbation scheme works well only for small tau spacings and small bandwidths for 7 = 3/2 and 7 = 5/2 as expected from the analysis presented above.
The size of the zero-order term relative to the first-order term contribution for 7 = 3/2 and 5/2 should be emphasized. In the case of spin 7 = 1, we found that the first-order term is proportional to a^. On the other hand, the first-order term for spin 7 = 3/2 and 7 = 5/2 included T^ dependence. Thus, for spin 7 = 3/2 and 7 = 5/2 systems, the zeroorder contribution is only relevant if the first-order contribution does not dominate, i.e. for small T. Referring to Figs. 2 and 3 , the agreement for the SQ coherences between AHT and the VN equation is good over a bandwidth of approximately 50 kHz, when T = 2jUs for both 7 = 3/2 and 7 = 5/2. Referring to Fig. IB, for 7=1 , the agreement between DQ coherences computed by AHT and the VN equation appears T dependent. 
CONCLUSION
In this work, we investigated controlling the dynamics of / = 1, / = 3/2 and / = 5/2 nuclei by AHT. A numerical study of a well known two-pulse cycle showed that firstorder AHT predicts the spin dynamics for spin / = 1 for over a large bandwidth, and for relatively large pulse spacings. For spin / = 3/2 and / = 5/2 nuclei, AHT predicts the dynamics of the spin system only for short T, small bandwidths and short RF pulses [7] . While this work focused on a simple two-pulse sequence, the efficiency of AHT is intimately tied to this cycle. More efficient truncation of the Magnus expansion is expected for quadrupolar spins by exploiting the symmetry properties of a pulse sequence [8] .
